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A B S T R A C T   
The International Biochar Initiative classifies biochar as “a solid material derived from the carbonization of 
biomass.” Biochar is a solid substance produced during the thermochemical degradation of biomass. This paper 
describes several examinations that have been conducted to investigate novel utilization of biomass since biochar 
is affordable, environmentally beneficial, and can be utilized for diverse purposes, such as soil stabilization, 
wastewater treatment, greenhouse gas management and power generation. Biochar has also been applied in fuel 
cells and supercapacitors, according to the latest reports. Biochar has the potential to be new and tenable ma-
terial for microbial fuel cell electrodes. Biochar MFCs made through pyrolysis and gasification, exhibited sig-
nificant performance as compared to activated carbon and graphite granule. This paper emphasizes the use of 
biochar as electrodes in MFCs to facilitate the simultaneous treatment of wastewater and electricity generation 
while also providing additional commercial advantages. Applications of biochar in microbial fuel cells as 
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separator membrane and cathode catalysts are also mentioned. Brief information on the future prospects of the 
use of biochar in microbial fuel cells is further summarized.   
1. Introduction 
Since the green revolution, industrial development and greater 
adoption of agrochemical-based agricultural cultivation practices have 
substantially enhanced chronic organic and heavy metal pollution in the 
food web and atmosphere. This has sparked massive social anxiety about 
environmental conservation and community health. Precipitation, ion 
exchange, adsorption (via carbon activation), and membrane segrega-
tion procedures are some of the traditional techniques for extracting 
persistent contaminants from aqueous and gaseous phases [1]. These 
procedures are expensive and they frequently produce a large number of 
chemical leftovers that have little commercial use. 
Microbial fuel cell (MFC) is a latest innovative technology that can 
accomplish organic and inorganic biodegradation while generating 
power. However, the expensive and non-renewable nature of current 
electrode materials is a major hurdle to the adoption of larger-scale MFC 
systems. Biomass-derived black carbon (biochar) could be a potential 
option for generating cost-effective and ecologically friendly electrode 
materials for MFCs. Biochar is a porous carbonaceous substance created 
when feedstocks such as wood chips or biodegradable wastes are ther-
mochemically decomposed in the absence of oxygen. Pyrolysis, hydro-
thermal carbonization, microwave warming gasification and 
torrefaction are examples of thermochemical decomposition methods 
that differ in thermochemical temperature and period [2]. Biochar has 
sparked a lot of attention because of its advantages including an abun-
dance of an active functional group on the surface and limited emission 
of greenhouse gases [3,4]. Biochar can be used in the treatment of 
wastewater, soil remediation, gas storage and segregation. Numerous 
Experiments are being conducted on the improvement of biochar gen-
eration and applications, with a special emphasis on biochar’s potential 
in wastewater treatment. Toxic metals, organic contaminants, and nu-
trients have all been removed from wastewater using biochar as an 
adsorbent. Therefore, biochar is becoming more popular as a solution to 
current issues like changes in the climate, contamination, and soil 
degradation [3]. 
Biochar is a porous substance with negative surface functional 
groups that are made from a variety of source ingredients. In most cases, 
pure biochar in microbial fuels cells has a lower adsorption capability to 
pollutants in an aqueous medium, particularly highly concentrated 
effluent, than activated biochar. Furthermore, the use of virgin biochar 
is challenging in wastewater treatment owing to its low density and 
minute particle size, which severely restricts its application on large 
scale. Various techniques have been established and employed in 
sewage management and soil remediation, also in energy storage, to 
enhance the adsorption potential of biochar in microbial fuel cells and 
its employment in various sectors. Biochar engineering is the process of 
creating activated or customized biochar [5]. Customized biochar is a 
derivation of pristine biochar that has its physi-
ological and biochemical features (e.g., specific surface area, porous 
nature, ion exchange potential, surface active sites, pH, etc.) and 
adsorption potential improved by biochemical processes for its efficient 
performance in the electrodes of microbial fuel cells. The majority of 
biochar engineering approaches in microbial fuel cells are more prac-
tical or least costly than traditional carbon activation procedures [6]. 
This review describes some of the implementations of biochar in 
microbial fuel cells (MFCs). Brief information on the synthesis of biochar 
along with characteristic features of the biochar applied in the MFCs. 
The paper also depicts the challenges and prospects associated with the 
large-scale application of biochar as a way to combat global warming 
and climate change in future. 
2. Biochar 
2.1. Introduction to microbial fuel cells 
Industrialization and rapid growth of population are highly depen-
dent on clean surroundings and a regular supply of electricity. MFC is a 
sustainable and environmentally friendly technology that fulfils the 
aforementioned needs by utilizing microorganisms. An MFC usually 
incorporates a proton exchange membrane (PEM) by distinguishing the 
anode from the cathode. The efficiency of MFC depends on the elec-
trodes used [7]. The primary premise of a fuel cell is the direct con-
version of chemical energy from a fuel into electrical energy rather than 
combustion. In MFCs, the organic substrates present in wastewater un-
dergo microbial oxidation. An ideal MFC consists of two electrodes – 
anode and cathode which are divided by a PEM, made of Nafion or poly- 
tetrafluoroethylene (PTFE). 
Organic compounds like acetate and glucose are oxidized in MFCs to 
generate electrons, which flow down to an external circuit and generate 
electricity. Organic compounds are oxidized anaerobically in MFC, 
resulting in the liberation of protons, electrons, and CO2. The cathode is 
where water is generated by the reduction of protons and electrons using 
oxygen supplied from outside. The liberated protons and electrons pass 
through a medium, which is an electrical circuit for electrons and a 
membrane for protons, to enter the cathode. The formation of water in 
the MFC is depicted by the equation below [8].  
CH3COO− + 4 H2O → 2HCO3− + 9 H+ + 8 e−
2O2 + 8H+ + 8e− → 4H                                                                  2O 
The anode of a MFC undergoes oxidation, while the cathode un-
dergoes reduction (Fig. 1). This oxidation and reduction create the po-
tential difference between the electrodes, resulting in the generation of 
bio-electricity. 
In MFC, biochar can serve as solitary electrodes, electrocatalysts and 
material for PEM [9]. If biochar is to be used as an anode, it must exhibit 
high porosity and a large surface area. It should also have a high carbon 
content and be an excellent conductor of electricity. Other key re-
quirements are non-biodegradability, biocompatibility and economic 
feasibility. It needs to be cost-effective, highly porous and possess a 
negative surface charge. As a cathode catalyst, biochar should be cost- 
effective, have porosity and large surface area. Pyridinic, pyrrole, and 
graphitic nitrogen should all be present and ORR should be enhanced 
Fig. 1. General mechanism of microbial fuel cells.  
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[10]. 
2.1.1. Electrodes in MFC 
For MFCs to operate well in terms of bacterial adhesion, electron 
transfer and electrochemical efficiency, the electrode material must be 
selected carefully. In MFC, the expenses of materials must be low and 
power densities must be high. Furthermore, the cathode materials 
should have catalytic characteristics for the reduction of oxygen. Elec-
trodes must display the following characteristics:  
• High surface area and porosity  
• High electrical conductivity  
• Stability, durability and economic feasibility  
• Biocompatibility 
Owing to its flexibility, abundance and low cost, carbon is the most 
suitable material for MFC electrodes. It exists in various structures and 
surface areas. Hence, carbon can be adopted in any type of MFC. Carbon 
electrodes have better anodic potential and allow scans to more negative 
potential than platinum or gold electrodes [11]. 
2.1.2. Implementation of biochar in MFCs 
Biochar is an example of a low-cost substance with a multitude of 
uses. Locally available biochar, such as agricultural and forestry wastes 
have lower feedstock procurement, extraction, and transportation costs. 
Biochar is ten times cheaper than GAC and GG, ranging from 51 to 381 
US$/ton. In light of the many features of biochar, in MFC, biochar can 
serve as solitary electrodes, electrocatalysts and materials for PEM. 
Numerous alterations of commercialized electrodes and PEM have been 
investigated to assure the long-term viability of MFC [12]. Substances 
obtained from waste have been a popular choice for such improvements, 
and biochar is such a substance that can be used to make a variety of 
MFC elements [13]. Although, Biochar is adopted as an anode, cathode, 
PEM, or cathode catalyst in MFCs. Therefore, the same parameters that 
apply to the anode also apply to the cathode. The property of cation 
exchange is critical for biochar as a PEM. The implementation of biochar 
in MFC is depicted in Fig. 2 [14]. 
2.2. Synthesis of biochar 
Biomass is mostly made up of cellulose, hemicellulose, and lignin, 
with minute quantities of pectin, protein, extracts, and ash [15,16]. 
Biochar is a carbonaceous by-product formed when biomass is thermally 
converted in an anoxic atmosphere. The general synthesis of biochar is 
represented in Fig. 3.Fig. 4. 
There are various methodologies to obtain biochar effectively. Py-
rolysis is one of the techniques that produce energy with a significant 
fuel-to-feed ratio [17,18]. The various raw materials of biochar pro-
duction along with their application in microbial fuel cells are listed in 
Table 1. 
Biochar is made from various raw materials, including lignocellu-
losic biomass, microalgae, and culinary wastes like banana peels and 
watermelon skin. Biochar precursors have also been investigated using 
sewage sludge and organic fractions from landfills. Biochar is created at 
temperatures ranging from 300 ◦C to 700 ◦C and for several durations, 
generally 1–2 h [19]. Certain researchers processed the organic pre-
cursor during biochar formation to expand the surface area, porosity, 
and to lower the metal content [20]. 
Pyrolysis is the process of burning the biomass in an inert medium at 
elevated temperatures of about 300 ◦C-900 ◦C [29]. Biomass experi-
ences a sequence of processes during pyrolysis to yield biochar, bio-oil, 
and syngas, which are solid, liquid, and gaseous phase compounds, 
respectively. The reaction temperature, rate of heating, and residence 
duration are all parameters that influence the yield of pyrolysis. The 
pyrolysis mechanism is categorized into three types depending on the 
heating rate: slow pyrolysis, fast pyrolysis, and flash pyrolysis (Table 2) 
[30]. 
Pyrolysis vapour persists in the reactor at lesser temperatures 
(400 ◦C–600 ◦C) with a lengthy vapour residence period in slow pyrol-
ysis. The temperature range of fast pyrolysis is analogous to slow py-
rolysis when the heating rate is more than 200 ◦C min− 1, and the 
residence period is substantially shorter than slow pyrolysis. Fast py-
rolysis is commonly utilized to produce large amounts of bio-oil while 
reducing the production of charcoal [31]. 
Other methods used in the production of biochar include hydro-
thermal Carbonization, flash carbonization, torrefaction, gasification, 
etc. (Table.3). 
Hydrothermal Carbonization (HTC) produces hydrochar by heat-
ing feedstock to 200 ◦C–300 ◦C in a sealed container under autogenous 
pressure of 2–10 MPa in the presence of water [32]. Hydrochar has a 
lower carbon and ash percentage than biochar and a smaller pore vol-
ume. On the other hand, the flash carbonization method generates 
biocarbon, particularly charcoal from biomass rapidly and effectively, 
often by igniting and controlling a flash fire at high temperatures inside 
a packed bed (1 MPa) [33]. Charcoal yields are approximately 40% by 
weight. 
Fig. 2. Incorporation of Biochar Electrodes in MFC.  
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Before pyrolysis or gasification, torrefaction is a mild pre-treatment 
method having a temperature in the range of 200 ◦C–300 ◦C, moderate 
heating rate, and lesser retention period [34]. The resulting solid ma-
terial is frequently carbon-rich, porous, and of low density, making 
storage and transportation easier. Another method for biochar produc-
tion is the gasification process. At high temperatures of about 800 ◦C, 
gasification converts carbonaceous substances into syngas, tars, and 
char in the presence of an active gaseous medium such as O2, N2, air, and 
CO2 [35]. Char accounts for only 5–10% of the feedstock mass. 
Fig. 3. Schematic representation of the synthesis of Biochar.  
Fig. 4. Characterization of Biochar.  
Table 1 
Production of biochar and their implementation in MFCs.  
Precursor for Biochar Application in MFC Method for activation Pyrolysis temperature (◦C) Maximum Power Density References 
Sewage sludge Catalyst in the cathode ———— 900 500 mW-m2 [21] 
Compressed milling residue Electrodes ———— 1000 532 mW-m2 [22] 
Forestry byproduct Electrodes ———— 1000 457 mW-m2 [22] 
Wood biomass Cathode KOH 1000 146.7 mW-m2 [23] 
Corn straw Electrodes KOH 900 8.89 W-m3 [24] 
Corncob Catalyst in the cathode ———— 650 458.85 W-m3 [25] 
Watermelon skin Catalyst in the cathode HCl 700 0.262 W-m3 [26] 
Lignocellulosic biomass Cathode ———— 900 ———— [27] 
Rubber tree sawdust Anode ———— 500 3.26 µ W/m3 [28] 
Banana peel PEM H2SO4 600 41.08 mW/m2 [14]  
Table 2 






Temperature (◦C) 300–700 800–1100 550–1000 
Heating rate (◦Csec-1) 0.1–1 <1000 10–200 
Vapor residence time 
(Sec) 
~ 500 <0.5 between 0.5 and 1 
Particle size (mm) 5–50 <0.2 <1 
Biochar production (wt%) 30 12 20  
S.B. Patwardhan et al.                                                                                                                                                                                                                         
Fuel xxx (xxxx) xxx
5
2.3. Characteristics of biochar and biochar catalysts 
The physical features of biochar, including pore size, surface area, 
density, etc. are substantially influenced by the pyrolysis temperature 
[36]. Biochar is made from various ingredients and modified for various 
applications. For example, large surface area, biocompatibility, toler-
ance to corrosion, lower ohmic, and higher electrical conductivity are all 
parameters for use in the anode [37]. Apart from these characteristics, a 
material’s toxicity, hydrophilicity, cost, and chemical stability are the 
factors that influence its appropriateness as an anode [38]. 
Decreased charge transfer resistance, large surface area, the exis-
tence of heteroatoms for enabling delocalization of charge, higher cur-
rent density, and lower activation barriers are the electrochemical 
features of the cathode components that are preferred for improving 
ORR [39]. Furthermore, when used as a cathode catalyst, qualities such 
as good material stability and economic feasibility are preferred. In this 
article, the features that make biochar suitable for each application have 
been matched to features of biochar. Higher porosity and surface area of 
the electrode or catalyst increase the likelihood of the redox pair 
forming on the electrode, i.e., microorganisms in the case of the anode 
and TEA in the case of the MFC cathode [40]. As a biocompatible base 
media biochar’s large surface area encourages the growth of microor-
ganisms [41,42]. 
The biochar’s electron-giving ability and the surface area also help 
the biofilm perform better [43]. Biochar’s biocompatibility makes it an 
excellent component for anode [44]. Electrical conductivity of Biochar, 
which allows for improved synergy between the surroundings and 
bacteria, can help with anode charge [45]. The extent of graphitization 
affects the electrical conductivity of carbon compounds. As the carbon 
achieves sp2 hybridization, graphitization of the biochar ensues, 
resulting in enhanced electrical conductivity due to increased electron 
mobility [46,47]. The porosity of the component is a significant quality 
of the cathode that promotes ORR, similar to the necessity for a large 
surface area in an anode. The presence of diverse N-groups in carbon 
compounds like pyridinic, pyrrolic, and graphitic N, improves the 
electrocatalytic efficiency of MFCs [48]. 
Biochar generated from various waste products, such as sewage 
sludge, orange peel, corncob, wheat straw, and so on, has the features 
listed above needed for efficient working of MFCs [49]. Biochar is a low- 
cost substitute to metals for use as electrodes or cathode catalysts since it 
is made from waste raw materials and has a simple synthesis procedure. 
To lower the MFC fabrication costs the use of waste-based materials for 
various components can save a lot of money (Table 4). 
2.4. Biochar characterization 
The mass percentage of moisture, volatile matter, ash, and fixed 
carbon can be determined via quantitative estimation. A quantitative 
estimation can be performed using standard procedures such as ASTM, 
ISO, DIN, and SB [55]. Other than quantitative estimation, analytical 
techniques including an elemental analyzer are commonly used to 
evaluate the elemental content of biochar. The main components of 
biochar are carbon, hydrogen, oxygen, and sometimes nitrogen. Con-
ventional biochar has a carbon percentage of 45–60 wt%, 2–5 wt% of 
hydrogen, and 10–20 wt% of oxygen. Biochar’s characteristics are also 
influenced by the inorganic components it contains. Inductively coupled 
plasma atomic emission spectroscopy (ICP-AES), X-ray fluorescence 
(XRF), and X-ray diffraction (XRD) are three analytical methods that can 
be used to characterize inorganic components [56]. 
A broad spectrum of analytical methods are used to investigate the 
morphology of biochar. For basic examination of biochar like particle 
morphology and surface texture, scanning electron microscopy (SEM) 
and transmission electron microscope (TEM) are extensively employed 
[57]. The extensively adopted methods for assessment of the micro-
structure of biochar are XRD, Raman spectroscopy, and energy- 
dispersive X-ray (EDX) spectroscopy [58]. The Brunauer, Emmett, and 
Teller (BET) methods are applied to examine the surface area and pore 
structure, with N2 and CO2 being the most commonly utilized sorbate 
gases. For studies that do not depend on peak ratios, solid-state 13C 
nuclear magnetic resonance (NMR) is an effective approach [59]. 
X-ray photoemission spectroscopy (XPS), FTIR, and temperature- 
programmed desorption (TPD) approaches can be used to determine 
the surface functioning, surface chemistry, and composition of biochar 
[60]. In the implementation of biochar as functional substances such as 
catalysts, adsorbents, and electrode materials, surface functional groups 
serve an essential role [61]. The notion that the biochar surface has a 
spectrum of hydrophilic and hydrophobic functional groups, both acidic 
and basic, contributes significantly to its reactivity. 
2.5. Biochar modification 
Conventional biochar generated through a thermochemical conver-
sion mechanism have a restricted number of polar oxygenated surface 
groups including CO, C–O, and OH, and low porosity and surface area 
[62]. Biochar’s widespread use as a functional component is limited by 
these innate drawbacks. For biochar intended to be employed as a 
catalyst or adsorbent, an abundance of surface functionality is particu-
larly desired since it may give more functional sites for catalysis or 
pollutant adsorption. Biochar utilized as an energy storage medium or 
catalyst, benefits from porosity and wide surface areas, which allow 
significant mass transfer fluxes and active loading. 
As a result, an appropriate modification technique is required to 
improve the efficacy of functionalized biochar components. The most 
common approach for producing oxygenated functional groups on the 
biochar surface is surface oxidation. Surface oxidation procedures can 
produce a variety of oxygenated functional groups, including carboxyl, 
phenolic hydroxyl, lactones, and peroxides [63]. The commonly 
employed surface oxidation reagents are H2O2, O3, KMnO4, and HNO3. 
Basic amino groups on the biochar surface have proven to boost their 
efficiency in capturing CO2 and pollutant adsorption. An 
Table 3 
Different methods for the production of biochar.  




Type and amount of 
biochar formed 
References 
Pyrolysis 300 ◦C–900 ◦C Biochar [29] 
Hydrothermal 
Carbonization (HTC) 





Charcoal (40% by 
weight) 
[33] 
Torrefaction 200 ◦C–300 ◦C The substrate 
material of Biochar 
[34] 




Characteristics of Biochar.  
Source of Biochar Surface area (m2g− 1) Total pore volume (cm3g− 1) Average pore size (nm) Total acidity (mmol g− 1) References 
Hardwood 1.9 ———— ———— 2.6 [50] 
Biochar (commercial) 838–949 0.9 3.2–3.5 1.7–2.0 [51] 
Corn stover 10 0.05 ———— 0.95 [52] 
Sewage sludge 18 0.02 4.1 ———— [53] 
Activated carbon (commercial) 1944 1.2 1.2 0.23 [54]  
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environmentally safe approach for biochar’s surface animation is 
chemical alteration utilizing amino-containing chemicals. In solid acidic 
compounds, sulfonic groups (SO3H) are the most common functional 
groups. For the catalysis of many chemical processes, they are 
commonly utilized as replacements for liquid acids [64]. 
When compared to activated carbon, one drawback of biochar 
compounds is that they frequently have limited micropores with a 
smaller surface area. Regulated porosity and an enormous surface area 
are extremely beneficial for implementations such as energy storage in 
supercapacitors, electrocatalysis, and CO2 capture or H2 storage. In situ 
catalytic pore development during biomass pyrolysis is an extensively 
utilized strategy for adjusting the pore structure of biochar. Certain 
compounds, such as ZnCl2 and H3PO4, catalyze the reaction. ZnCl2 was 
discovered to considerably enhance the surface area and porous capacity 
of biochar [65]. 
Post-activation pore structure tailoring was also employed to modify 
the pore structure. In most cases, the post-activation procedure consists 
of two steps - direct pyrolysis of the biomass to generate original biochar 
with a limited pore volume and surface area, and activation of the 
biochar using physical or chemical means to enhance its porous struc-
ture and surface area [66]. Physical activation using various oxidizing 
gases including air, O2, CO2 and chemical activation with KOH, NaOH, 
H3PO4, or ZnCl2 are the most common types of post-activation. The 
chemical activation procedure entails heating a combination of carbon 
precursor and activating agent to temperatures between 450 ◦C and 
900 ◦C [67]. 
Biochar-based nanocomposites can be endowed with hybrid capa-
bilities as a result of the recombination of certain nanostructures on their 
surfaces, opening up potential implications in a variety of disciplines. 
Many applications of final nanocomposites have been demonstrated, 
involving catalysis, fuel cells, drug delivery and bioimaging. 
2.6. Doped-biochar 
To modify biochar characteristics for a wider range of applications, 
suitable engineering or alteration methods are generally necessary, but 
the regulated insertion of active sites on biochar remains a challenge. In 
recent years, metal-free heteroatom doping has become popular in 
carbonaceous communities. On artificial nanocarbons, doping proced-
ures with earth-rich elements like sulphur, nitrogen and boron were 
thoroughly tested. Generally, introducing exogenous non-carbon atoms 
into the organized sp2-hybridized carbon backbone can change the 
electrochemical capabilities of the native -electron networks, resulting 
in an uneven electroactive state that is required for more electro-
catalysis [68]. To promote the catalytic nature of nanocarbons, increase 
the limit of detection of sensors, and enhance nanomaterial dispersion, 
researchers used heteroatom doping techniques, particularly nitrogen 
doping (N-doping), which has the highest efficiency (Fig. 5).Fig. 6. 
2.6.1. Nitrogen-doped biochar 
Heteroatom-doped carbon nanotubes have been used as ORR elec-
trocatalysts in chemical fuel cells since the foundation of nitrogen-doped 
carbon nanotubes with significant catalytic ORR behaviour in an alka-
line solution. According to current investigations, metal-free N doped 
carbons’ ORR catalytic capabilities outperform generally accessible Pt 
catalysts [69]. Various N-groups in carbon structures, such as pyrrolic, 
pyridine and graphitic N boost the electrocatalytic efficiency of MFCs. 
Pyridinic N not only has a lone electron pair, but it also transmits an 
electron to the conjugated π bond, speeding up the ORR by boosting 
reductive oxygen adsorption [70]. Zhong along with his coworkers 
developed an inexpensive and environmentally friendly method for 
making nitrogen-doped hierarchically porous carbon from nitrogen- 
rich, highly robust watermelon rinds, which they used as an electro-
catalyst in air–cathode MFCs. They discovered that after activating 
watermelon peel in HCl at 700 ◦C, the produced biochar was rich in C–N 
bonds, with large graphitic and pyridinic N concentrations. The result is 
that the ORR’s electrochemically active region via the four-electron 
pathway was massive (658.9 m2g− 1) [26]. The ability of porous 
nitrogen-doped biochar (AMBC) bead sorbent to remove CO2 was 
examined in this study. The AMBC beads have a well-developed porous 
structure and a large specific surface area of 328.6 m2g− 1, which is 
beneficial for CO2 adsorption. The CO2 removal efficacy was increased 
further by enhancing the pore density and large surface area of the 
sorbent in adsorption tests conducted on a pilot-scale fixed-bed column. 
The CO2 elimination capacity of the synthesized AMBC beads was 10.15 
mmol g− 1 at 20 ◦C, which was significantly greater than that of generally 
used activated carbons and other adsorbents. The conveniently retrieved 
AMBC beads can be employed as a CO2 capture adsorbent that is both 
efficient and environmentally benign [71]. 
2.6.2. Heteroatom-doped biochar 
The total active area of the electrocatalyst increases as more surface 
catalytic sites are subjected to oxygen molecules. Because of their high 
porosity, activated carbons have a considerable interior surface area, 
varying from 500 to 2000 m2g− 1 [72]. 
Liu et al. used cellulose to make N and P dual-doped carbon, which 
they used as an effective electrocatalyst in an air–cathode MFC. The 
energy output was higher than that of the frequently used Pt-C catalyst 
(2293 ± 50 mW-m2 compared to 1680 ± 32 mW-m2) in MFCs [73]. 
One of the studies used MFCs with an alfalfa leaf carbon cathode to 
Fig. 5. Different methods for production and activation of biochar.  
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produce high cathodic catalytic activity and high efficiency. The ach-
ieved energy output was around 1328.9 mW-m2, which was greater than 
that of Pt-C. They also discovered that chemical activators increased the 
ORR and MFC energy output by affecting the catalytic activities of 
carbon substances obtained from alfalfa leaves. The remarkable elec-
trochemical performance of the carbon material generated from KOH- 
activated alfalfa leaves was associated with the elevated quantities of 
pyridinic N, graphitic N, and C–P capabilities [74]. Furthermore, metal 
and nitrogen atoms doped into carbon lattices can change the carbon’s 
electrical and geometric properties, boosting ORR catalytic activity. 
Huang et al. exhibited ORR catalytic efficacy in carbon substances 
generated from sewage sludge with a spatial porosity. They also 
discovered that doping the carbonized sewage sludge composite with 
Mn and N components improved the ORR catalytic activity [75]. 
2.7. Estimation of biochar 
A biochar electrode’s morphological features and catalytic efficacy is 
Fig. 6. Illustration of significant properties of doped biochar and its application.  
Fig. 7. Different methods for evaluating Biochar.  
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determined by assays. The ORR of electrons and their acceptors is 
affected by the cathode voltage. Various standard analytical procedures, 
such as CV, electrochemical impedance spectroscopy, and scanning 
electron microscopy, can be utilized to examine biochar from a broad 
perspective. The different methodologies for estimating the biochar are 
displayed in the figure. A triple-electrode framework with an operating 
electrode, a counter electrode, and a reference electrode is used to 
conduct CV and EIS studies. Ag/AgCl and Hg/Hg2Cl2 are two common 
reference electrodes. The various methods for evaluating biochar are 
portrayed in Fig. 7. 
Chen et al. (2019) tested the cathode in an abiotic electrochemical 
cell utilizing a triple-electrode framework with an Ag/AgCl reference 
electrode and a 100 mmolL-1 nitrogen-saturated PBS electrolyte. Khajeh 
et al. (2020) used EIS and CV to predict the electrochemical behaviour of 
an altered electrode. Their electrolyte is a combination of 10 mM K3[Fe 
(CN)6]/K4[Fe(CN)6] and 0.1 M KCl, and their reference electrode is a 
normal calomel electrode, i.e., Hg/Hg2Cl2 [76,77]. 
CV is accomplished by altering the voltage (V) and scan rate (mVs− 1) 
at predetermined intervals. EIS studies under open-circuit potential 
circumstances investigate the internal charge–discharge transfer ki-
netics and diffusion resistance of electrolyte ions. By striking the sample 
with an electron beam, SEM shows surface morphologies such as 
texture, coarseness and porosity as well as the electrode architecture. 
The working electrode resultant current in a device is calculated using 
CV, a potentiodynamic electrochemical technique that introduces po-
tential. The biocatalytic capabilities in biofilm anodes are evaluated 
using CV in microbial electrochemical systems (MESs), which also de-
scribes changes in electrochemical activity after the transfer to MES. The 
electrons created during voltammetry are driven into and out of the cells 
because electrode potential varies within a specific region, creating 
oxidation and reduction activity for each redox centre accessible to the 
electrodes. 
Electrochemical impedance spectroscopy (EIS) has long been a 
prominent and dependable method of detecting internal resistance in a 
system; the spectrum of impedance at the electrodes provides useful data 
for understanding electrochemical reactions. EIS is generally utilized to 
examine the formed biofilm and recognize reaction kinetics to explain 
the electrodes’ substrate features. EIS is particularly advantageous for 
certain upgrades such as charge transfer, ohmic, and diffusion transfer 
resistance in the current interruption and curve method, and can be 
assessed independently. EIS uses the features of a potentiostat to eval-
uate fluctuations throughout a frequency range of 100 kHz to 1 MHz. 
Furthermore, a frequency response analyzer uses the same method to 
analyze current and cell potential fluctuations; readings are expressed 
using Nyquist or Bode graphs. A Nyquist plot displayed negative hypo-
thetical impedance (Z00) in comparison to the initial impedance (Z0); 
for a certain frequency, every place in the map signified impedance. 
Nyquist plots have one major flaw: they don’t show the initial frequency 
used to detect a given spot. Resistance is formed at the maximum fre-
quency, and Bode plots indicate impedance towards the X-axis fre-
quency logarithm, as well as both the angle of the path and the actual 
impedance values, plotted on the Y-axis. e- differences reflect polariza-
tion resistance, and bode plots enable effective low- or high-frequency 
data analysis. Diffusion is demonstrated in the construction of an iden-
tical circuit by a Warburg element linked in parallel to a resistance so-
lution or polarization resistance. 
3. Applications of biochar in MFCs 
The possibility of using biochar as cathode, anode, cathode catalyst, 
and base substance for PEM in MFC are explored and highlighted in this 
paper. Biochar may be a durable substitute to conventional electrodes, 
according to a review of the literature. However, numerous concerns, 
such as formulation process standardization, price evaluation for bulk 
generation, practical characteristics, and efficiency in contrast to the 
conventional substances, have yet to be resolved. Because the effort to 
adapt and build biochar-based electrodes, cathode catalysts, and mem-
branes for MFC is still recent, there are large numbers of opportunities 
for detailed investigation into potential developments [78]. Different 
materials of biochar used as electrodes in MFCs are displayed in Table 4. 
3.1. Biochar as electrodes 
Biochar can be potentially used as a sustainable material for the 
production of highly efficient MFC. In most of the commercially avail-
able MFCs, the cost of electrodes employed in the system is 40–50% of 
the entire production expenses of the MFCs system. Biochar is a carbon- 
rich substance made by pyrolyzing biomass at extreme temperatures 
without or with limited oxygen. It has high porosity and a great surface 
area, both of which are good qualities for electrodes in MES [79]. To use 
the MFC in real-world applications, it is highly recommended to 
decrease the cost of electrodes and separators. Due to its porous nature, 
superior conductivity, and cost-effectiveness compared to other metal 
electrodes, commercially available activated carbon electrodes have 
been developed as alternative electrode material in MFC [80]. Biochar 
has less cost with a prominent carbon concentration and a large surface 
area, which includes macroporous, mesoporous, and nanoporous bio-
char [81]. The findings emphasize the usage of biochar as electrodes in 
MFCs to enable wastewater treatment and electricity generation 
simultaneously. Numerous studies are needed to employ biochar as an 
electrode and separator material in MFCs to overcome the limitations 
associated with biochar. Table 5 illustrates different biochar electrode 
materials used in MFCs.Table 6. 
3.1.1. Biochar as anode 
Biochar can also be utilized in MFCs as an inexpensive anode ma-
terial (MFC). However, MFC’s commercialization is hampered by its 
expensive nature and the non-renewable characteristics of its electrode 
materials. Granular activated carbon or graphite granules are the most 
common electrode materials utilized in MFCs. For instance, Granular 
activated carbon and graphite granules cost between $500 - $2500 t− 1, 
making them prohibitively expensive on a wide scale. Biochar has been 
discovered to be a viable and inexpensive replacement material for MFC. 
When the expenses and energy generated by wood-based biochar elec-
trodes were compared to activated carbon and graphite electrodes, 
biochar (532–457 mW-m2) was found to be equivalent to activated 
carbon (674 mW-m2) and graphite (566 mW-m2). Biochar, on the other 
hand, had a power output cost of $17–$35-W, which was 90% less than 
activated carbon ($402-W) and graphite ($392-W) [82]. 
In a study, biochar were produced by carbonizing forestry and 
milling residues at 1000 ◦C were employed as an anode in MFCs [22]. 
Further efficiency of the MFCs with biochar as electrodes was evaluated 
against MFCs encompassed with graphite and activated carbon anodes. 
It was observed that power obtained by using milling residue was 532 
mW-m− 2 while that of forestry biochar was 457 mW-m− 2. On the other 
hand, the power density obtained while employing activated carbon in 
the MFCs was 674 mW-m− 2 which was maximum amongst all the other 
electrodes used. The maximum efficiency of the MFCs with granular 
activated carbon was owing to its large area and comparatively low 
internal resistance (40 O). Conversely, internal resistance offered by the 
forestry and milling biochar was 1.075 and 1.15 times more than 
granular activated carbon electrodes. However, the cost-effective nature 
of the biochar has resulted in the reduction of the cost of the process by 
~90%. The result of the experiment demonstrated that at elevated 
temperature, the density of the pores was increased which in turn led to 
the exposure of high surface area of the anode during the process of 
power generation. However, further evaluation is needed as the lab- 
scale results can’t be considered as characteristic of the biochar for 
large-scale energy generation. 
A new biochar air cathode with a typically porous structure and high 
oxygen reduction reaction (ORR) activity was proposed, which was 
made by pyrolyzing Balsa Wood chips at 800 ◦C [83]. The biochar chips 
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can be used as an air cathode in the MFC without the use of costly cat-
alysts, binders, or gas diffusion layers. The biochar air cathode attained a 
maximum power density of 200 mW-m2 in single-chamber MFC tests, 
which was comparable to the other biochar-based air cathodes. 
Furthermore, when they were utilized in soil MFCs, the findings 
revealed that chip thickness had an impact on the soil MFCs’ efficiency. 
The soil MFC with typical carbon felt floating cathode provided the 
highest power output of 72 mW-m2, which was 45% greater than the soil 
MFC with 3.5 mm biochar. These findings show for the first time that 
complete biochar chips may be used to make binder and catalysis-free 
air cathodes that are both productive and environmentally beneficial. 
By using a simple carbonization procedure, kenaf, pomelo peel, and 
packaging were employed to create a 3D macroporous carbon-based 
scaffold in MFCs. Remarkably, the greatest average output of the 
pomelo peel electrode was 40.2 A-m2 (electrode width 2.20 mm, esti-
mated area (0.96 cm2), which was 19% greater than that of the kenaf 
electrode (32.5 A-m2). It’s reticular macropore structure (porosity 97%, 
pore size >100 mm) provided more releasing routes for EAB adhesion 
and substrate diffusion [14]. In this investigation, three types of organic 
matter were explored for the manufacture of conducting electrode ma-
terials using simple carbonization processes: king mushroom, wild 
mushroom, and maize stem. These electrodes’ structure–reactivity in-
teractions were investigated using an electrochemical redox probe ([Fe 
(CN)6]3/4) and biofilm electroactivity. Inductance, CV, and chro-
noamperometry methodologies were used to assess the electrochemical 
and bioelectrochemical availability and accessibility of carbonized 
electrodes to investigate the electron transfer rate (Kapp), charge 
transfer resistances, oxidative energy output, and electroactive sub-
stituents. On a carbon electrode generated from the maize stem, the 
highest electrocatalytic current (imax) was 3.12 mAcm2. That’s eight 
times more than a standard graphite electrode. Organic carbon anodes 
serve as a low-cost option for MFC due to their porous structure, 
excellent electron transfer velocity, and significant electroactive biofilm 
development. 
An experiment studied the impact of waste obtained from wood 
biochar alteration on carbon cloth anode efficiency. To determine the 
optimal alternative, the impacts of biochar modulation and biochar 
granule size were evaluated. Different MFCs with varied anode particle 
sizes ranging from 2 mm to 10 mm were employed [84]. It was 
concluded that the particle size of biochar was seen to be inversely 
dependent on the power output of MFCs. Biochar possesses a negative 
surface charge which can inhibit the biofilm’s adhesion. As previously 
stated, the use of metal-doped carbon electrodes is a useful approach to 
attain quick biofilm adhesion and efficient electron transfer as it pro-
vides an effective area for the adhesion and growth of microorganisms. 
Hence, the observations must be examined from a new angle by delving 
further into the electrode surface’s enzymatic and electrophysiological 
attributes. 
The wastewater produced from the rubber industry was treated with 
the MFC consisting of a sawdust biochar anode. The sawdust biochar 
anode generated energy of 3.2 mA-m− 3 and simultaneously eliminated 
~ 90% of COD and 88.26% of the sulphate ions. The higher energy 
output along with COD elimination is a result of a non-exogenous 
oxidation reaction at the surface of the anode [28]. 
In MFCs, a study looked at the possible advantages of utilizing bio-
char granules as a substitute to the conventional carbon felt anode [85]. 
Sandy loam soil was used to fill single-chamber cylindrical air–cathode 
MFCs. Rice plants of the cultivar FARO 44 (Oryza sativa L.) were culti-
vated in plant MFCs (PMFCs). PMFC’s efficiency was tested against soil 
MFC (SMFC) that lacked rice plants. The greatest energy output was 
41.41 mW-m− 2 of the cathode surface over the 125 days of operation, 
and it was recorded in PMFCs with carbon felt anodes (PMFC-RCF). The 
power density was lower in PMFCs with charcoal anodes (PMFC-RBC), 
with the maximum value being 11.11 mW-m− 2. 
A robust stand-alone anode was fabricated by nickel ferrite and poly 
3,4-ethylene dioxythiophene [86]. Further, the physical structure of the 
anode was determined using SEM. It was observed that the biochar has a 
honey-combed structure with a uniform pore on its surface. The cationic 
chemical distribution over the fabricated biochar was examined using 
XRD. The homogenous distribution of nickel ferrite was seen on the 
anode surface. The existence of polymers leads to the proper generation 
of biofilm onto the biochar anode surface. The fabrication of biochar 
with nickel ferric also increased its conductivity and electron transfer 
potential. Additionally, the performance of biochar altered with nickel 
ferrite and poly 3,4-ethylene dioxythiophene was evaluated against the 
unmodified biochar and biochar with iron oxide. It was concluded that 
Biochar modified with NiFe2O4/PEDOT gave maximum power output 
(1200 ± 60 mW-m2) which was two-folds higher than biochar with iron 
oxide and six times larger than that of non-altered biochar. Hence, the 
result of the study concluded that the biochar doped with the metal ions 
produces a much higher energy output than that of bare biochar. 
MFCs were developed and tested to remediate landfill leachate while 
also generating power. An activated carbon anode and a biochar anode 
were evaluated in batch cycles utilizing landfill leachate as a substrate in 
absence of inoculation. A semi-continuous serpentine form was also 
considered. The peak voltage, the current produced, and power densities 
Table 5 
Different materials of Biochar used as electrodes in MFCs.  
The function of Biochar 
in MFCs 
The material used to produce Biochar Power generated Role in pollutant removal and 
efficiency of Biochar 
References 
1. Anode Wood-based biochar 532–457 mW-m2 NA [82]  
Carbonizing forestry and milling residues milling residue: 532 mW-m− 2 forestry 
biochar: 457 mW-m− 2 
NA [22]  
Sawdust-based biochar 3.2 mA-m− 3 elimination of COD (90%) and sulphate 
ions (88.26%) 
[28]  
Biochar modified with NiFe2O4/PEDOT 1200 ± 60 mW-m− 2 COD reduction: 28 ± 8.8% [86] 
2. Cathode Biochar produced from banana plant stem and 
activated with KOH 
528.2 mW-m− 2 NA [93]  
Watermelon peel Biochar 0.262 W-m3 NA [95]  
Wood-based graphitic biochar modified with 
manganese oxide 
187.8 W-m2 NA [23]  
Semi-carbonized Alfalfa leaves Biochar altered 
with KOH 
1328.9 mW-m2 NA [96]  
Table 6 







Cost for catalyst +
MFCs 
Reference  
Platinum (Pt) $ 150 $ 780–1340 [108]  
Fe-AAPyr $ 3.20–3.40 $ 215–296 [109]  
Fe- 
Mebendazole 
$ 3.40–3.60 $ 262–329 [110]  
CoNPc $ 0.0114 ———— [111]  
MnO2 $ 3.84 ———— [112]  
Biochar $ 1.29 ———— [112]  
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of the batch cells with activated carbon and biochar showed no change 
in the average. Both batch (with biochar) and semi-continuous COD 
reductions were seen (28 ± 8.8% and 21.7 ± 12.2%, respectively) [87]. 
The anode material is a critical component of MFCs for enhancing 
energy density (Fig. 8). The use of nanomaterials in MFC anodes results 
in outstanding hydrodynamic qualities, such as increased surface area, 
enhanced electron transfer, and the development of electroactive bio-
film; furthermore, the enhanced microbe-electrode contact improves 
direct current production. However, nanomaterial-based anodes have 
significant drawbacks, including complicated manufacturing and prop-
erty degradation. In some ways, biochar is a good supply of anode ma-
terials [88]. 
3.1.2. Biochar as cathode 
Considering the significance of electrodes in MFCs, selecting the 
right electrode material is an important part of the system’s design. 
Scientists are continuously designing high-performance, cost-effective 
electrode materials without compromising the attributes of the appro-
priate electrode material [22] An electrode material with high electrical 
conductivity, biocompatibility, bacterial attachment, surface area, 
corrosion resistance, and the ability to manufacture in any desired form 
is considered the ideal anode material for MFC construction, while an 
effective cathode must have high conductivity and a high surface area to 
volume (S/V) ratio, be non-corrosive, and have the least fouling. Cath-
ode efficacy is critical in the generation of power in MFCs. The ORR is 
the most prevalent cathode reaction. One of the most limiting aspects of 
MFC operation is the steady reduction of oxygen on the interface of 
carbon or graphite electrodes, which results in a significant over-
potential reduction. Carbon paper, graphite chips, felt, and fabrics are 
commonly used in cathode materials such as air cathodes, undersea 
aqueous cathodes, and biocathodes (Fig. 9) [89]. 
Biochar made from wastewater, Alfalfa leaf, corncob, watermelon 
rind, and other waste materials has been used as the cathode catalyst in 
MFCs. Biochar can enhance the passage of H2 ions and O2 while func-
tioning as a cathode catalyst due to its greater porosity and surface area, 
which can significantly improve the ORR. Furthermore, the inclusion of 
graphitic and pyridinic N with sp2 hybridization, as well as pyrrolic N 
with sp3 hybridization, in biochar increases the electron cloud con-
centration of the electrocatalyst [90]. Nevertheless, before biochar 
catalysts can be standardized for field use, several problems that have 
been raised must be resolved. At differential catalyst loadings, electro-
chemical comparison with conventional catalysts (such as Pt-C) is not 
feasible. Numerous studies have suggested that biochar that has been 
activated/ produced at elevated temperatures or chemically activated 
has a better electrocatalytic activity. In addition, the electroactivity of 
biochar produced at a lower temperature is reduced attributed to the 
prevalence of unpyrolyzed organic components [91]. 
In 2013, Yuan along with his coworkers studied the potential of 
activated biochar obtained from sewage as a cathode catalyst. It was 
observed that this activated biochar produced 500 mW-m− 2 of power in 
the air cathode MFC [21]. Further in 2015, the experiment looked at the 
symbiotic impact of adding coconut shell to biochar during the 
manufacturing process to improve the electrical conductance of the 
biochar that would be exploited as a cathode catalyst. The efficiency of 
the biochar blended with coconut shells gave energy output up to 969 
mW-m2 [92]. The carbon content, physiological, and molecular struc-
ture of biochar were closely linked to the pyrolysis temperature in both 
studies, resulting in improved catalytic performance. 
Biochar produced from banana plant stem and potassium hydroxide 
was employed as cathode catalyst in MFCs. Further, the efficiency of this 
activated biochar was compared with non-activated biochar. The energy 
output obtained by employing activated biochar was 528.2 mW-m2, 
which was much greater than non-activated biochar (483.7 mW-m2) 
owing to its larger active surface area of activated biochar [93]. 
Recently, Zhang along with his coworkers defined some advantages of 
using activated biochar impregnated with potassium hydroxide. It was 
stated that the versatility of charge on the cathode surface and electron 
transfer is highly related to the porosity and the number of ions available 
on the biochar cathode [94]. 
Corncob, a crop residue, was pyrolyzed at temperatures varying from 
250 to 750 ◦C and used as a cathode catalyst in MFCs. The biochar 
produced at 650 ◦C had a large surface area, resulting in a large number 
Fig. 8. Schematic representation of the application of biochar-based anode in MFCs.  
S.B. Patwardhan et al.                                                                                                                                                                                                                         
Fuel xxx (xxxx) xxx
11
of ORR sites. Besides the larger surface area, the availability of graphitic 
N and pyridinic N were the other important elements for biochar’s 
electrocatalytic activity, as in previous studies. The method of activating 
biochar with KOH is well-known, and it results in an increase in porous 
nature and ionic concentration on the biochar surface, enhancing the 
movement of the surface charge and the electron cloud [14]. Cathode 
catalyst was made from semi-carbonized Alfalfa leaves and treated with 
three activation techniques (KOH, FeCl3, and ZnCl2) before ultimate 
carbonization at 900 ◦C to determine the efficiency of various activation 
techniques. According to the BET analysis, KOH activated biochar 
exhibited more prominent pores, resulting in a greater surface area 
(883.68 m2g− 1) than all other activation techniques. The greatest energy 
output of MFCs using KOH-activated biochar catalysts (1328.9 mW-m2) 
was equivalent to MFCs using Pt-C as a cathode catalyst (1337.7 mW- 
m2) [14]. 
A nitrogen-rich raw material, watermelon peel, was processed to 
biochar to apply in MFC. Before pyrolysis at temperatures varying from 
400 to 700 ◦C, the powdered watermelon rinds were rinsed in HCl. 
When the produced catalyst was applied to carbon cloth in an air 
cathode MFC at 700 ◦C, the highest power energy output was 0.262 W- 
m3. The contrast of the fabricated catalysts to any existing carbon cat-
alysts or Pt-C was exclusively used for electrochemical testing. The 
requirement of like comparison arises from the goal to find an inex-
pensive alternative to a high-cost standard Pt-C electrocatalyst [95]. 
High-temperature gasification and alkaline post-treatment (BCw) of 
wood-dependent biomass produced graphitic biochar (BC). The BCw 
was tested as a manganese oxide electrocatalytic base (MnO/BCw) and 
as an air cathode in an MFC. Physical, chemical, and electrochemical 
investigations were used to describe nanostructured MnO2 crystals 
adsorbed on biomass-based graphitic sheets. With a current generation 
of 0.9 mA-cm2, CV of MnO/BCw/Nafion inks revealed electrochemical 
characteristics of MnO2. When compared to Vulcan Carbon (VC) (156.8 
mW-m2) and ma, BC showed excellently high current densities of 146.7 
mW-m2 (BCw) and 187.8 W m2 (MnO/BCw) [23]. 
Cathode catalyst was produced from the leaves of semi-carbonized 
Alfalfa and processed with different activation techniques (Potassium 
hydroxide, Ferric chloride, and Zinc chloride) before complete carbon-
ization at 900 ◦C to determine the efficacy of various activation pro-
cesses [96]. According to the research, KOH-activated biochar exhibited 
more prominent pores, resulting in a larger surface area (883.68 m2g− 1) 
than the other activation techniques. The highest energy output of MFCs 
using potassium hydroxide-activated biochar catalysts (1328.9 mW-m2) 
was equivalent to MFCs employing Pt-C as a cathode catalyst (1337.7 
mW-m2). When employed as a cathode catalyst in MFCs at similar cat-
alytic loadings, inexpensive metal-free biochar produced from organic 
material can achieve equivalent efficiency of Pt-C. The carbon activated 
with KOH had a greater concentration of N than the carbon activated 
with the other two techniques, according to XPS. In addition, activated 
biochar processed with KOH had a greater graphitic and pyridinic N 
content. It is a well-known phenomenon that these two forms of nitrogen 
play a critical role in improving ORR. Furthermore, the high-resolution 
P 2p spectra indicate maxima of the P–C and P–O groups, which have 
been linked to ORR. 
3.1.3. Biochar used as both anode and cathode in MFCs 
Chemical activation methods may be used to synthesize biochar, 
which can be applied in MFCs. Corn straw, crop residues, was utilized to 
create biochar at temperatures of 500 and 900 ◦C using KOH activation. 
Although this study demonstrates that MFC utilizing activated biochar 
as both anode and cathode can outperform commercial graphite felt in 
terms of performance, cathodic decomposition studies with Acid Orange 
7 (AO7) show that biochar cathodes are unable to decompose the AO7. 
The existence of highly reactive species in biochar cathodes, which 
functioned as TEA rather than AO7, was identified as the cause [24]. 
On the other hand, numerous MFC-based cathodic dye biode-
gradation studies have found that the reactive oxygen species generated 
during the cathodic ORR are accountable for dye biodegradation. As a 
result, more researches are required to better characterize the surface 
chemistry of biochar electrodes used for dye degradation. However, 
when comparing non-activated biochar to activated biochar, it’s 
Fig. 9. Schematic representation of Biochar-based Cathode in MFCs.  
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important to note that biochar activation has increased the surface area 
by 137 times. 
Biochar was used to fill the gap between the anode and the cathode 
in a study to create a three-dimensional electrode MFC (3D-EMFC) [97]. 
The efficacy of 3DEMFCs treating nitrogen in contaminated water was 
studied using three kinds of biochar electrodes (biochar, biochar and 
zeolite combination, and MgO-modified biochar). The results indicated 
that 3DEMFCs with MgO-modified biochar had the greatest energy 
output of MFCs, at 4.45 ± 0.21 W-m− 3, and that the overall power 
output of 3DEMFCs (2.40 ± 0.28, ~4.45 ± 0.21 W-m− 3) was greater 
than that of MFCs without biochar (1.31 ± 0.24, 1.31 ± 0.24 W m− 3). 
Furthermore, 3DEMFCs with MgO-altered biochar had the greatest 
ammonium, total nitrogen, and COD removal potential (93.63.2%, 
84.82%, and 91.61.3%, respectively), while MFCs had simultaneous 
short-cut nitrification and denitrification. Furthermore, SEM pictures 
revealed bacterial adherence to biochar, and the biofilm dry weights of 
MgO-altered biochar after the studies were the highest of three types of 
biochar electrodes, at 1034 mgg− 1. As a result, energy production and 
nitrogen elimination in 3DEMFCs were significantly improved, and 
biochar demonstrated good biocompatibility and unique electro-
chemical efficiency for MFC practical wastewater treatment 
applications. 
Pyrolysis was used to convert contaminated water sludge to biochar, 
which is an effective waste reutilization method. The anode of an air 
cathode MFC was made of biochar, which was made from sewage sludge 
[92]. Before pyrolysis, the sewage sludge powder was adjusted with 
coconut shells in various weight ratios and cast into monoliths by me-
chanical pressing and calcination. The inclusion of coconut shells 
increased the total carbon content, which improved electrical conduc-
tivity. The introduction of 10 % coconut shell powder by weight to 
sewage sludge (SM-10) contributed to a maximum energy output of 
1069 mW-m− 2, which was 2.2 times greater than the power density 
achieved without the introduction of coconut shell powder. The results 
showed that the electrodes’ conductive nature was mostly related to the 
carbon concentration, which was increased owing to the introduction of 
coconut shell powder to the biochar. Even while the MFC with SM-10 
anode had a greater power density, a closer look at the electrode ma-
terial demonstrated that the graphite plate used for comparison had a far 
less surface area than biochar, making a genuine comparison impossible. 
To compare the performance, as compared to heteroatom doped com-
mercial carbon powder formed into a comparable monolith was 
required. 
The efficiency of an MFC was measured using a biochar electrode. 
After the carbonization process, electrodes were built of silicon, zinc, 
and copper in 40% quantity combined with generated waste coconut 
shell (CS) biochar materials [98]. In contrast to Graphite Particle (GP) 
(0.1920 m2g− 1), the specific surface area of CS-Si (0.2532 m2g− 1), CS- 
Zn (0.2025 m2g− 1), and CS-Cu (0.2532 m2g− 1) are greater. CS-Si (19.22 
± 0.5) mWm− 2), CS-Zn (26.40 ± 0.6) mWm− 2), and CS-Cu (47.04 ±
0.5) mWm− 2) had similar power production outputs to GP (32 ± 0.5 
mWm− 2). The CS-Cu electrode delivers the highest power output and 
efficiency, according to test results. Metals enhance the surface area of 
biochar electrodes, which improves the efficiency of MFCs. For ecolog-
ically friendly systems, the CS-Cu electrodes are therefore viable, 
compatible, and least expensive. 
3.2. Biochar in separators of MFCs 
Large proton conductivity, minimal oxygen, and substrate crossover 
decreased biofouling rate, and other imperatives of successful PEM are 
reported in tandem by many studies attempting to create low-cost PEMs 
for use in MFCs. The fact that biochar possesses strong cation exchange 
properties, a high concentration of surface-active sides, and excellent 
porous nature supports its use in PEMs. 
Expensive PEMs, such as Nafion-117, create a severe constraint in the 
technique’s potential to expand sustainably. Production costs must be 
considerably decreased for an adequate field-scale implementation of 
MFC. This may be accomplished by employing an inexpensive PEM in 
MFCs that performs similarly to costlier widely viable PEMs. G-5, a new 
PEM containing 5% goethite and natural clay as a raw product, was 
synthesized and employed as a separator in MFC. The industrial Nafion- 
117 membrane, which is commonly used in MFC, was predicted to be 
five times costlier than the G-5 membrane [99]. The MFC with G-5 as 
PEM (112.81 ± 8.74 mW-m2) had a somewhat greater energy out-
put than the MFC with Nafion117 as PEM (106.95 ± 5.52 mW-m2). In 
contrast to MFCs with Nafion-117 as PEM, COD elimination and 
Coulombic efficacy for MFCs with G-5 membrane were reported to be 
22% and 8.6% higher, respectively. 
In a study carried out by Neethu et al. (2019), it was discovered that 
the biochar-ceramic synthetic membrane had a lower oxygen diffusion 
coefficient than Nafion. However, because this study combines biochar 
with a ceramic membrane, the influence of biochar on proton conduc-
tivity was not evaluated separately [100]. Sulphonation of the matrix 
composites improves the interrelationship between the ions, allowing 
proton transmission to be facilitated. 
Apart from proton conductivity, the energy output of MFCs utilizing 
biochar membranes (41 mW-m2) was lesser than that of MFCs using 
Nafion 117 membranes (58 mW-m2). Even after sulphonation, biochar 
cannot outperform Nafion with respect to their efficiencies as evidenced 
by the debate. When compared to Nafion membrane, however, the 
expense of biochar membrane is significantly lowered [101]. 
3.3. Biochar based catalysts 
At the cathode surface, oxygen interacts with protons in the elec-
trolyte and then electrons are transferred from the anode via metallic 
wire. This ORR on the cathode surface requires a large amount of en-
ergy. As indigenous cathodes absorb energy, energy production de-
creases. As a result, the cathode catalyst plays a critical role in the 
performance of MFCs, with the anode and cathode accounting for a 
major portion of the MFCs’ construction cost. The efficiency of cathode 
catalysts is critical for a successful oxygen reduction process. In an MFC, 
the optimal cathode catalyst has effective ORR kinetics, is durable, has 
minimal over-potential activation, and is low cost. The oxygen reduction 
process at the cathode is regarded as a rate-limiting phase due to its 
heterogenic character. As a result, a very effective catalyst is necessary 
to minimize the cathodic overpotential. During the initial stages of the 
experiment, a premium noble metal dust platinum was employed; 
however, non-metal elements based on metal and carbon were used as 
an illustrative catalyst. Carbon-metal catalysts, as well as medium metal- 
nitrogen-carbon catalysts, were shown to be incredibly beneficial for 
ORR. In terms of power output, the efficiency of MFCs using various 
biochar-based ORR catalysts was evaluated. 
Biochar has recently been recognized as a flexible medium for cat-
alytic applications, prompting preliminary study into its catalytic ac-
tivity and mechanistic principles in various pathways (Fig. 10). As a 
result, this topic describes the catalytic disadvantages and techniques of 
biochar in the field of catalysis, such as biodiesel synthesis, tar depletion 
in bio-oil and syngas (synthetic gas: H2 and CO), enriched syngas 
development, biomass transition into chemicals and biofuels, deNOx 
reactions, and MFCs, to supply comprehensive details on the catalytic 
functions of biochar in the ground of catalysis. 
Pt-based ORR catalysts are expensive, susceptible to biofouling, and 
quickly polluted by microbes, as previously stated. Researches look for 
inexpensive, catalytically active, biofouling-resistant system to increase 
the energy density of MFCs for these reasons [12]. Biochar is a carbon- 
based material that is commonly accessible. Porosity, wide surface, and 
high cation-exchange capacity are among the physical and chemical 
characteristics it provides. These characteristics improve the interplay 
between microbial development and essential nutrient cycles [102]. 
Due to their great surface area, chemical sustainability, superior 
electrical conductivity, and increased mass-transport potential, metal- 
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free catalysts are potential options for MFCs. Biochar made from olive 
mill waste (OMW) either with or without supercritical CO2 pretreat-
ment, as well as salted pistachio nutshells, were generated in this study 
using pyrolysis, chemical, and physical activation. Using cyclic and 
linear sweep voltammetry in neutral solutions, the biochar’s catalytic 
activity towards ORR was studied. In the case of reaction rate, the 
density of functional groups, and the number of electrons transferred, 
electrochemical analysis of the samples demonstrated that OMW bio-
char had the maximum catalytic activity toward ORR. This biochar was 
employed as catalysts in MFCs with an air cathode. The greatest energy 
output attained by MFCs with an OMW cathode was 271 ± 34 mW-m2. 
This number was around 15 times greater than the energy output of a 
typical carbon black that was utilized as a control [103]. Even though 
the increased pyrolysis temperature will enhance energy utilization, the 
price would be greater than conventional biochar. Carbon-based elec-
trocatalysts are less expensive than metals and are environmentally 
friendly [104]. At present, cost-effective biochar made from crop by- 
products shows significant ORR activity. 
Sewage sludge (SS) biochar is a type of N- or transition metal- 
enriched, self-supported carbon, implying that it has an efficiency for 
ORR catalysis. For example, Yuan and colleagues have utilized SS bio-
char as an ORR catalyst in MFC. They discovered that the temperature of 
carbonization has a remarkable effect on the surface characteristics of 
biochar. The biochar contained numerous microspores, high N and Fe 
concentrations, and was highly active for ORR catalysis at 900 ◦C [21]. 
Another study used pyrolyzed livestock SS to create a hierarchically 
organized biochar with a honeycomb-like interconnecting macro- 
mesoporous framework. For the ORR, the synthesized catalyst had sig-
nificant electrocatalytic activity, with the highest energy output of 1273 
mW-m2. In addition, the catalyst had recently had longer durability than 
the Pt-C cathode after 90 days of operation [105]. 
The synthesized catalysts might have a large surface area, porous 
nature, and a high graphitic N or S concentration, as well as good cat-
alytic efficiencies concerning onset potential and energy output, as well 
as outstanding methanol poisoning resistance and persistence. A carbon 
nanoparticle-coated porous biochar (CNCB) made from Weisiop-
sisanomala was described by Zhou and colleagues. In comparison to 
other substances, the CNCB material had a higher surface area after 
carbonization at 900 ◦C. The CNCB had strong catalytic activity in the 
ORR, with an onset efficiency of 0.935 V, which was comparable to that 
of a commercial Pt-C catalyst, according to the findings (0.962 V) [106]. 
The scientists also employed pyrolyzed electroplating effluent as a 
potential catalyst for electrochemical CO2 reduction in a MEC, as well as 
probable CO2 reduction routes. CH4, ethylene, CO, and acetate were the 
major products. They further stated that a non-metal chitin-derived 
carbon sheets (CS) bifunctional electrocatalyst for ORR was developed. 
When compared to commercial Pt-C catalysts, the CS demonstrated 
higher electrocatalytic activity, endurance, and bridging resistance 
[107]. 
The eggplant-derived hierarchical porous graphitic biochar was 
synthesized using a one-step technique. EPGC-800-2 was eggplant- 
derived biochar with K3[Fe(C2O4)3] [10]. 3H2O activation generated 
at 800C with a layered porous structure, large specific surface area 
(1137 m2 g1), and high graphitization degree. Later, the performance of 
the synthesized EPGC-800–2 catalyst was compared with Pt/C catalyst 
when employed in microbial fuel cells. EPGC-800-2 has a maximum 
power density of 667 mW m2 in a microbial fuel cell, which is higher 
than Pt/C catalyst (621 mW m2). EPGC-800–2 catalyst was shown to 
have a four-electron pathway towards ORR, with a higher n (3.90) and 
lower H2O2 yield (6.06%), as well as a high pyrinidic concentration 
MFCs which employed EPGC-800–2 catalyst exhibited elimination of ~ 
80% COD from wastewater. The research revealed a green and simple 
method for producing excellent ORR catalysts from available biomass. 
3.3.1. Cost evaluation of cathode catalyst 
The catalyst value is a crucial issue in the expanding MFC sector. 
Platinum is a precious resource on the planet, despite the fact that it is 
impractical for potential growth. Biochar is an expensive and renewable 
resource. Table 5 gives a brief account of the cost analysis of various 
cathode catalysts. 
4. Scope and future perspectives 
Biochar demonstrated its potential application in microbial fuel cells 
by exhibiting remarkable advantages over many other traditionally used 
carbonaceous materials in MFCs. Large surface area, increased electrical 
conductivity, biocompatibility, chemical sustainability, and the exis-
tence of diverse active sites on the biochar surface are all significant 
characteristics for using biochar as an anode in Microbial fuel cells. 
Surface area, pore size, electrical conductivity, nitrogen content, a 
greater extent of graphitization and great fixed carbon concentration are 
the variables considered when determining the feasibility of biochar as a 
cathode in MFC. In the future, the feasibility of composites including 
biochar and other non-metallic substances for use in MFC should be 
investigated. Aside from advancements in the synthesis technique, 
future investigations should also include several operational changes. 
Fig. 10. Oxygen reduction reaction at the cathode surface.  
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Biochar has been shown to improve methane recovery in anaerobic di-
gesters. By employing biochar-metal composites as electrodes to pro-
mote electro-Fenton type reactions, downstream processes including 
electrochemical oxidation of refractory chemicals in contaminated 
water are accomplished with fewer expenses. 
The ORR has a substantial impact on Microbial fuel cell (MFC) per-
formance. Furthermore, innovations for more sustainable, efficient, 
attainable, and cost-effective materials is necessary. ORRs benefit 
greatly from biochar’s electrocatalytic capabilities. Several proposals 
are made for expanding the future development of biochar in MFCs. 
Although pyrolysis can yield biochar, there are no other methods for 
producing multiple-performance biochar that can be used in a variety of 
applications. The co-pyrolysis method, on the other hand, offers to in-
crease the overall effectiveness of biomass pyrolysis by incorporating 
additional materials. As a result, co-pyrolysis can be used to improve the 
characteristics of biochar. Biochar has been widely studied as ORR 
electrocatalysts in the areas of fuel cells and zinc-air batteries. Apart 
from the ORR, additional emphasis must be placed on factors such as 
biofouling resistance, excellent conductivity, and long-term stability, all 
of which are critical for biochar-based MFC applications. However, there 
is a small date accessible in the existing literature in this regard. 
Future research should include a life cycle analysis and a techno- 
economic estimation to evaluate biochar’s viability as a novel green 
technology. MFC progress in the future will focus on commercial-scale 
conversion from the lab to real energy production applications. 
5. Conclusion 
Biochar is a remarkable renewable resource that can resolve many 
environmental challenges that have arisen in recent decades, such as 
pollution, remediation in soil, water, and atmospheric medium. Several 
studies in recent years have shown that biochar or biomass-derived 
carbon can be used as a free-standing electrode or as an electro-
catalyst for the ORR in Microbial fuel Cells (MFCs). Because the push to 
adapt and build biochar-based electrodes, cathode catalysts, and mem-
branes for MFC is still comparatively recent, there is significant scope for 
detailed investigation into future applications. Biochar was used as both 
anode and cathode in microbial fuel cells for the efficient removal of 
pollutants with simultaneous generation of electricity. Many researchers 
have demonstrated the potential of biochar in microbial fuel cells by 
experimental analysis of the remarkable properties of biochar including 
specific surface properties and higher conductivity. As a result, the 
biochar based-MFCs for wastewater treatment could be used as a pre-
treatment to remove hazardous chemicals before biological treatment. 
Further, to determine the elimination methods of hazardous substances 
in biochar-based MFCs, a thorough investigation is required. 
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[44] Farkas É, Feigl V, Gruiz K, Vaszita E, Fekete-Kertész I, Tolner M, et al. Long-term 
effects of grain husk and paper fibre sludge biochar on acidic and calcareous 
sandy soils – a scale-up field experiment applying a complex monitoring toolkit. 
Sci Total Environ 2020;731:138988. https://doi.org/10.1016/j. 
scitotenv.2020.138988. 
[45] Yue Y, Shen C, Ge Y. Biochar accelerates the removal of tetracyclines and their 
intermediates by altering soil properties. J Hazard Mater 2019;380:120821. 
https://doi.org/10.1016/j.jhazmat.2019.120821. 
[46] Claoston N, Samsuri AW, Ahmad Husni MH, Mohd Amran MS. Effects of pyrolysis 
temperature on the physicochemical properties of empty fruit bunch and rice 
husk biochars. Waste Manag Res 2014;32(4):331–9. https://doi.org/10.1177/ 
0734242X14525822. 
[47] Rehrah D, Reddy MR, Novak JM, Bansode RR, Schimmel KA, Yu J, et al. 
Production and characterization of biochars from agricultural by-products for use 
in soil quality enhancement. J Anal Appl Pyrol 2014;108:301–9. https://doi.org/ 
10.1016/j.jaap.2014.03.008. 
[48] Liang B, Li K, Liu Y, Kang X. Nitrogen and phosphorus dual-doped carbon derived 
from chitosan: an excellent cathode catalyst in microbial fuel cell. Chem Eng J 
2019;358:1002–11. https://doi.org/10.1016/j.cej.2018.09.217. 
[49] Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N, Mohan D, et al. Biochar as 
a sorbent for contaminant management in soil and water: a review. Chemosphere 
2014;99:19–33. https://doi.org/10.1016/j.chemosphere.2013.10.071. 
[50] Dehkhoda AM, West AH, Ellis N. Biochar based solid acid catalyst for biodiesel 
production. Appl Catal Gen 2010;382(2):197–204. https://doi.org/10.1016/j. 
apcata.2010.04.051. 
[51] Dehkhoda AM, Ellis N. Biochar-based catalyst for simultaneous reactions of 
esterification and transesterification. Catal Today 2013;207:86–92. https://doi. 
org/10.1016/j.cattod.2012.05.034. 
[52] Li S, Gu Z, Bjornson BE, Muthukumarappan A. Biochar based solid acid catalyst 
hydrolyze biomass. J Environ Chem Eng 2013;1(4):1174–81. https://doi.org/ 
10.1016/j.jece:2013.09.004. 
[53] Cha JS, Choi J-C, Ko JH, Park Y-K, Park SH, Jeong K-E, et al. The low-temperature 
SCR of NO over rice straw and sewage sludge derived char. Chem Eng J 2010;156 
(2):321–7. https://doi.org/10.1016/j.cej.2009.10.027. 
[54] Kastner JR, Miller J, Geller DP, Locklin J, Keith LH, Johnson T. Catalytic 
esterification of fatty acids using solid acid catalysts generated from biochar and 
activated carbon. Catal Today 2012;190(1):122–32. https://doi.org/10.1016/j. 
cattod.2012.02.006. 
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